The effect of kind of dietary carbohydrate on enzyme activities and lipid metabolism was investigated in two strains of male weanling rats maintained on diets containing 16% fat and 50% sucrose, glucose or cornstarch. Groups of rats fed each diet were killed at 3, 6, and 9 months of age. Animals fed the sucrose diet showed relatively high activities of glucose-6-phosphatase, glucose-6-phosphate dehydrogenase, and aldolase, as well as an elevation of liver fat. The BHE strain showed a higher body and liver weight and more liver fat than did the Wistar animals. The two strains differed at the earliest age in the increased activities of the three hepatic enzymes mentioned above. These enzymes showed a strain-age interaction but not a strain-diet or a diet-age in teraction. The results suggest that the kind of dietary carbohydrate influences metabolic pathways and lipid metabolism, regardless of the age or strain of the animal, even when a moderately high level of fat is fed.
The quantity (1,2) and quality (3) (4) (5) (6) (7) (8) of dietary fat and also of protein (9, 10) have long been known to influence lipid metabo lism. Many reports have also shown an in fluence by the kind of dietary carbohydrate (11) (12) (13) (14) . However, in these studies the test diets were generally low in fat or protein or both. The role of dietary carbo hydrates in lipid metabolism has recently been reviewed by Hodges and Krehl (15) .
Previous investigations in our laboratory (16) demonstrated differences in the con centration of liver lipids due to the type of carbohydrate provided in diets contain ing 16% fat, 30% protein and 0.5% cho lesterol from whole dried egg powder. These studies also revealed a marked dif ference in liver lipids between two strains (BHE and Wistar) of rats, particularly at certain ages. It was not clear from this work, however, to what extent effects of strain and of kind of dietary carbohydrate might be influenced by special features of the diet, e.g., the cholesterol, phospholipids and the high cystine provided by the egg component.
The present study deals with nutrition ally adequate, moderately high fat diets which do not contain egg or cholesterol and differ only in the kind of carbohydrate contained. The aim was to determine under these conditions how the various effects of kind of carbohydrate might be causally related. Enzyme activities and fat concen trations in various tissues and organs were measured in groups of BHE and Wistar rats which had been fed, for up to 9 months of age, cholesterol-free diets identical ex cept for the carbohydrate portion, which was sucrose, glucose or cornstarch. Special attention was given to determining the age when the various effects of dietary carbohydrate were best seen.
The results suggest that the effect of kind of dietary carbohydrate on lipid metabolism is independent of age and strain of animal. fÃ-ats. The present study employed male weanling rats of Wistar and EHE3 strains obtained from the stock colony of the Human Nutrition Research Division. A total of 120 animals from each of the two strains were randomly distributed to 12 groups of ten animals each. Forty animals from each strain received each of the three experimental diets from the time of wean ing; and groups were killed at 3, 6, 9, and 18 months of age respectively. With one exception, all the measurements re ported in this paper were made on 10 ani mals per group. Data obtained on the 18-month-old animals are not included here because of the many deaths from respira tory disease which occurred among these groups.
MATERIALS AND METHODS

Diet.1 The three diets were identical in
During this experiment, water and food were given ad libitum to all animals. Their individual body weights and food consump tions were recorded weekly. Two days be fore animals were to be killed, food cups were withdrawn from cages at 4:15 PM. Rats were fed three times the following day at 4-hour intervals starting from 8:15 AMand were provided one-third of the daily ration for each feeding. The daily ra tion was calculated from the average food consumption during the previous week. The next morning between 8 and 8:30 AM the animals were killed by decapitation. This treatment was found to minimize nonuniformity of dietary status and to en hance uniformity of tissue composition and enzyme activities within groups.
Animals were weighed just before being killed. Blood was collected and serum was separated by centrifugation at 2,000 rpm for 20 minutes at 5Â°.The kidney, liver, heart, pancreas, spleen, and epididymal and perirenal fat pads were quickly dis sected out and weighed. The carcass was again weighed and kept frozen in a plastic bag until its chemical content was deter mined. A portion of the liver was also weighed and kept frozen for later chemical analysis. All enzyme assays were carried out on the day the rats were killed; and serum and organs which were to be as sayed were kept chilled in ice up to that time.
Serum and tissue proteins were analyzed by the method of Lowry et al. (18) and total fat of liver and carcass was deter mined by the method of AOAC (19) , as modified by Taylor et al. (16) . The treat ment of tissue and methods for measur ing glucose-6-phosphatase (GGPase, EC 3.1.3.9), glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.49), aldolase (EC 4.1.2.13), and alkaline phosphatase (alk. Pase, EC 3.1.3.1) were the same as pre viously described (20) .
All data presented here were subjected to an analysis of variance; and the effects of type of carbohydrate, strain and age and of the interactions between these variables were evaluated.
RESULTS
The effects of diet, age and strain and of their interactions on food intake, body size, organ weights, and carcass and liver fat in two strains of rats are summarized in table 1. The BHE animals consumed slightly more food than the Wistar rats, and they were slightly larger, particularly when only 3 months of age. The extra bodysize of the BHE animals was accompanied by relatively high carcass fat.
The two strains of animals consumed less of the sucrose diets than of those con taining the other two carbohydrates. Ani mals showed the highest body weight when consuming the cornstarch diet. The slight extra size of the cornstarch-fed animals was not accompanied by a relatively high percentage of carcass fat. The size of epi didymal and perirenal fat pads did not show an effect of diet at any age.
Data on liver weights revealed effects both of diet and strain. Animals fed the sucrose diet had larger livers than those receiving glucose or cornstarch. BHE ani mals also tended to have larger livers than the Wistar strain. and E (as a-tocopheryl acetate) were given orally once a week in amounts averaging 360 IU, 50 IU, and 1 mg, respectively, per rat per day.
3 BHE strain of rats was developed in our labora tory by crossing albino (Yale strain obtained from Columbia University) and black and white hooded rats (Pennsylvania State College).
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1f!1,1<U The protein, water, and ash contents of liver and carcass were also determined. These data are not presented, for they con veyed no further information beyond what would be expected on the basis of the data on the carcass fat.
Liver fat seemed to be particularly sus ceptible to the effect of strain and of the kind of carbohydrate contained in the diet. In both strains and at all three ages, sucrose-fed rats contained more liver fat than did the glucose-or cornstarch-fed ani mals. At all ages, more liver fat was ob served in BHE than Wistar strains. Table 2 summarizes data on enzyme ac tivities in liver, kidney and serum of ani mals whose compositional data are pre sented in table 1. Hepatic G6PD, GGPase and aldolase were affected by diet and were significantly higher in rats fed the sucrose than the other diets. These diet effects were not influenced by age, i.e., there was no significant dietâ€"ageinteraction.
Strain effects on hepatic G6PD, GGPase, and aldolase were also examined; but these effects were much influenced by age. Ex cept for G6PD, which was much higher in BHE than Wistar rats, none of these en zymes showed a consistent strain effect. The strain difference in liver GGPase was somewhat inconsistent; it was higher in Wistars at 3 months, in BHE at 6 months, Xdiet 0.05 < P < 0.10Strain x age < 0.005 < 0.005 < 0.01 Age Xdiet Diet X strain X age 0.05 < P < 0.10 ' Enzyme activity is expressed as units per 100 g bod y weight per minute in liver, per minute per gram to kidney, and per hour per milliliter in serum. One unit of enzyme activity is defined as that amount of enzyme which produces 1 Â«mole of measured product under the condition of the assay.
1Mean of 10 rats â€¢+â€¢ SEM,except where indicated in parentheses. 8Number in parentheses represents number of samples. 4 Only differences or interactions having P -^0.10 are recorded.
and unaffected by strain at 9 months. Hepatic aldolase showed a significant strain effect only at 3 months, when it was higher in BHE than Wistar animals. A strain-age interaction was observed for all three of the liver enzymes. Strain differences in enzyme activities were found in serum aldolase and in the alkaline phosphatase of kidney and serum. Except for aldolase at 6 months of age, these enzymes were significantly higher in Wistar than in BHE rats at all three ages. They were not subject to diet effects.
Kidney G6PD failed to show either strain or diet effects, and the data on this enzyme are not shown.
DISCUSSION
The inclusion of 16% fat in the diets was expected to have strongly inhibited lipogenesis in the liver. High dietary fat has been shown to reduce hepatic lipo genesis (1, 2). In one study, the inclusion of 15% fat in the diet was found to re duce the capacity of hepatic lipogenesis by 90% (2) . Dehydrogenases of the HMP shunt are considered as a main source of a cofactor, NADPH, required for the reduc tive biosynthesis of fatty acids (21) (22) (23) . It has been demonstrated that the activities of HMP shunt dehydrogenases and malic (NADP) dehydrogenase decreased as the level of dietary fat increases (24) . Appar ently, hepatic HMP dehydrogenases are importantly involved in regulating hepatic lipogenesis through their role in regenerat ing the reduced form of NADP. In the present study, measurements of hepatic G6PD are considered to provide an indirect indication of hepatic lipogenesis.
In previous investigations from these laboratories, the effects of varying the kind of carbohydrate in diets containing 16% fat have been studied on liver and serum lipids (16) . These studies were compli cated by the inclusion of 0.5% cholesterol in the diets. The results showed that liver lipids of BHE but not Wistar rats con tinued to rise with increasing age. In the present study with cholesterol-free diets, liver lipids in both strains remained rela tively constant at all three ages.
The short-term effect of dietary carbo hydrate in association with dietary choles terol on the activity of dehydrogenases of the HMP shunt has also been studied (25) . In that study, these dehydrogenases and the cholesterol and noncholesterol fat were measured in the livers of rats after a 64-hour fast and again after refeeding choles terol-containing and cholesterol-free diets for 1, 2, and 14 days. The results indicated that hepatic enzyme activities were affected by the kind of dietary carbohydrate. How ever, these activities did not invariably parallel the rate of change of liver lipids. Among rats fed cholesterol-containing diets, liver cholesterol and noncholesterol lipid showed a slow and prolonged in crease. Both of these fractions of liver lipids were higher in sucrose-fed than in cornstarch-fed animals. These observa tions provided additional evidence that the kind of dietary carbohydrate retains its in fluence on fat metabolism under a variety of conditions, whereas the addition of cholesterol to the diet favors the accumula tion of liver lipids.
In the present study, the use of two strains at three ages provided varied bio logical conditions under which many pos sible effects of dietary carbohydrate were investigated. The activities of serum aldo lase and of the alkaline phosphatase of kidney and serum differed persistently be tween strains (table 2) at all three ages but were apparently not involved in carbohy drate response. In liver, some enzymic ac tivities differed between strains only at one or two of the three ages studied (table 2) .
It was of particular interest that the elevation of liver fat among sucrose-fed animals was accompanied by elevation of the activities of hepatic G6PD, G6Pase and aldolase. Liver aldolase, which functions in both glycolysis and gluconeogenesis is not believed to be rate-limiting for either pathway but is subject to change with diet (20, 26) and pattern of feeding (21) . In Ã iepresent study, sucrose-feeding elevated liver aldolase.
Dietary sucrose also influenced the ac tivity of liver G6Pase which has a specific role in gluconeogenesis (27) . It has been suggested that a high level of this enzyme may indicate increased mobilization of glu cose for fatty acid synthesis (4) . In keep ing with this interpretation, a relatively high activity of this enzyme accompanied the relatively fat livers of the sucrose-fed animals. However, the association of this enzymic activity with liver fat was in the reverse direction when BHE and Wistar animals were compared. This finding may suggest a relatively small role of this en zyme in contributing to liver fat.
Hepatic G6PD was relatively high in both strains at all ages among animals re ceiving the sucrose-containing diet. The known relation of the activity of this en zyme in lipogenesis (21) (22) (23) suggests its importance in causing relatively high liver fat observed in sucrose-fed groups. The importance of this enzyme in controlling liver fat is also supported by the fact that the strain of rat (BHE) having the rela tively high activity of this enzyme also showed relatively high liver fat.
Several of the chief effects of strain, i.e., on carcass fat and the activities of the three liver enzymes measured, were influ enced by age, i.e., showed an ageâ€"strain interaction. However, none of the param eters studied showed a diet-age or dietstrain interaction.
Present information suggests that the kind of dietary carbohy drate in moderately high fat diets influ ences lipid metabolism with continued feeding, regardless of the age or strain of the animal and the presence or absence of dietary cholesterol. It appears further that the site of action of dietary carbohydrate is the lipogenic pathway and involves the HMP shunt.
